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͑Received 26 November 2001; accepted for publication 4 February 2002͒ A multicolor infrared photodetector was realized with two superlattices separated by a blocking barrier. The photoresponse is switchable between 7.5-12 and 6 -8.5 m by the bias polarity, and is also tunable by the bias magnitude in each wavelength regime. In addition, our detector exhibits advantages including little temperature dependence of the spectral response and the same order of responsivity in the two wavelength regimes. The measured peak responsivities in the two regimes are 117 mA/W at 9.8 m under 1 V and 129 mA/V at 7.4 m under Ϫ0.8 V, respectively. Also, the detectivities are comparable with the conventional multistack detector. The zero background peak detectivities are 2.3ϫ10 10 An infrared photodetector capable of multicolor operation is essential in various applications such as aerospace observation, target discrimination, and temperature sensing. Because of the flexibility of the band engineering, structures utilizing the quantum well [1] [2] [3] [4] [5] ͑QW͒ and superlattice 6,7 ͑SL͒ were reported to realize the multicolor detector. In this letter, we adopt two distinct SLs separated by a blocking barrier to achieve multicolor detection. The photoresponse of our photodetector is switchable between two wavelength regimes ͑6 -8.5 and 7.5-12 m͒ by the bias polarity, and is also tunable by the bias magnitude in each wavelength regime. Compared with the conventional multistack detector, our detector shows the advantages of little temperature dependence of the spectral responsivity. This is particularly difficult to be achieved by conventional multistack QW structures.
The advantages of our detector are due to the different operational mechanisms from conventional multistack detectors. To show these, the operational mechanisms of conventional detectors are introduced. In a multistack quantum-well infrared photodetector ͑QWIP͒, the various stacks are separated either by heavily doped conducting layers or thick barriers. In the former case, the fraction of the differential resistance determines the individual contribution to the photoresponse from each stack. 8 The stack with higher differential resistance contributes more to the photoresponse. In general, the short-wavelength stack has higher differential resistance than the long-wavelength one at a low applied voltage. Therefore, the long-wavelength spectral responsivity can be observed only under a high bias when the shortwavelength stack is driven into saturation and has comparable or lower differential resistance. Since the differential resistance of each stack is determined primarily by the voltage characteristic of the dark current, it is difficult to control the responsivity in the design phase. Because up to now, no theoretical model can accurately predict the voltage characteristic of the dark current of each detection stack over a wide range of applied biases. Besides, the dark current is also susceptible to the variation of the operational temperature. Therefore, the photoresponse in such detectors may change with the operational temperature.
The other type of conventional multistack detector utilizes a thick barrier to separate the detection stacks. [9] [10] [11] Under an external bias, domains with different electric fields occur in such detectors as the case of a single-color QWIP. Generally, high-field domain first forms in the shortwavelength stack under a low applied bias, and the photoresponse is dominated by the short wavelength. Longwavelength photoresponse can only be observed under highbias condition along with the accompaniment of the shortwavelength one. Both types of multistack photodetectors and several other QW-based structures 3, 12 for multicolor detection also suffer those disadvantages.
To overcome the disadvantages, the SLs were adopted as the detection stacks of the multicolor detector. Unlike QWs, the electron wave function in the SL well overlaps the ones in the neighboring wells. The coupling of the wave functions results in the formation of the miniband. Since the electrons in the miniband can tunnel through the entire SL, the SL alone is a low-resistance structure. It is the low-resistance characteristic that avoids the aforementioned disadvantages. In the following, we present the design and performance of our multicolor infrared photodetector with a separating barrier sandwiched between two distinct SLs.
The inset of Fig. 1 shows the structure of our photodetector under a positive bias. The voltage polarity is taken as positive if a high potential is applied on the top contact. The structure contains sequentially a 500 nm bottom contact layer, a 14-period bottom SL, a blocking barrier, another The operational mechanisms are also shown in the inset of Fig. 1 . Because of the low-resistance characteristic of the SL, the applied voltage is almost totally dropped on the separating barrier. The photoelectrons in the second miniband of the bottom SL can tunnel through the separating barrier due to the electric field applied on the barrier. The escaped photoelectrons result in net positive charges to attract electrons from the bottom contact and cause the photocurrent in the external circuit. On the contrary, the escaped photoelectrons in the top SL cause electrons from the top contact and result in internal current circulation, as shown in the inset of Fig. 1 . Therefore, only the bottom SL is active under a positive bias. In the same way, only the top SL is active under a negative bias. This characteristic makes the spectral responsivity switchable by the bias polarity between the two wavelength regimes corresponding to the respective miniband transitions of the top and bottom SL. Particularly, the photoelectrons with different energies relative to the edge of the separating barrier exhibit different voltage dependences of the tunneling probability. As a result, the spectral responsivity is tunable by the magnitude of the applied voltage. For the detailed mechanism, please refer to our previous work. 7 In brief, under a low bias magnitude, the photoelectrons generated by the short-wavelength radiation have higher energy and tunneling probability to contribute to the photoresponse. The spectral responsivity is primarily in the short-wavelength part at the low bias magnitude under both voltage polarities. However, under a high bias magnitude, the tunneling probability of the photoelectrons in the bottom state of the second miniband increases, and the long wavelength can dominate the spectral responsivity. Therefore, the blocking layer not only isolates the photoelectrons from the top and bottom SLs but also serves as a high-pass energy filter for the photoelectrons. Since the SLs have no voltage drop at operation, the spectral responsivity in each detection stack is not affected by the differential resistance as the conventional multistack QWIP. In addition, the responsivity can be designed to be comparable under both bias polarities by adjusting the barrier height. Next, we will show the measured characteristics of our photodetector. The experimental results agree with our design principles.
The measured spectral responsivity shows little temperature dependence and the representative one at 30 K is shown in Fig. 1 . Under the positive bias, the spectral responsivity is dominated by the bottom SL, and is tunable in 7.5-12 m through the magnitude of the applied bias. While under the negative bias, the spectral responsivity is dominated by the top SL, and is also tunable in 6 -8.5 m. It is noted that the peak and shoulder positions under various magnitudes of the applied bias remain the same without the Stark effect occurring at both bias polarities. This indicates the voltage drop on the SL is negligible. Also noted in Fig. 1 is the same order of responsivity at both voltage polarities, which is difficult to achieve by using the conventional multicolor QW structure. In addition, the detector is insensitive to the operational temperature. To show this, the integral difference of the spectral responsivity between two temperatures under specific applied voltage is defined as
where R(,T,V) is the spectral responsivity at temperature T and voltage V. The integral difference of the spectral responsivity of our detector is less than 3% with temperature ranging from 20 to 70 K. In addition to isolating the top and bottom SL, the separating barrier also reduces the dark current by preventing the conduction from the first-miniband electrons. In Fig. 2 , dark current at various temperatures is shown as the solid curves and the background photocurrent at 20 K is represented by the solid squares. Comparing the solid curves and squares, the background-limited performance temperature is below 60 K under 0.5 V, and 80 K under Ϫ0.75 V.
In order to evaluate the detectivity, the noise performance was measured from 1 to 8 kHz, which is limited by the noise and bandwidth of our amplifier. The current noise power spectral density ͑PSD͒ at 77 K was measured with our detector immersed in a 77 K liquid-nitrogen dewar under careful electrical and optical isolation. With sophisticated calibration of the system noise, the detector noise under the positive bias was extracted from the total measured noise, and is shown in Fig. 3 . The noise of our detector is white noise in the frequency range of our measurement system. Also shown in the inset are the measured noise data and the shot noise 2eI d calculated with the dark current at 77 K. The dashed line in the inset represents the estimated minimum resolvable noise of our noise measurement system. It is observed that the measured noise PSD agrees with the estimated shot noise at 77 K for voltage larger than 0.5 V. Therefore, it is concluded that the noise source comes from the shot noise of the electrons tunneling trough the blocking barrier. Since the dark current at 77 K under the negative bias is much smaller than that under positive bias, it is not resolvable in our noise measurement system. In the following evaluation of detectivity, we assume the noise is also the shot noise of the dark current.
The zero background peak detectivity 14 calculated with the shot noise of our detector is 2. /W at 40 K and 8.8 m, 1 our detector shows lower responsivity but comparable detectivity.
In summary, we have designed and fabricated an infrared photodetector with two SLs separated by a blocking barrier. Our detector is capable of multicolor operation. The spectral responsivity of our photodetector is switchable by the bias polarities and is tunable by the bias magnitude. In addition, our detector responsivity is insusceptible to the variation of the operational temperature. These show the structure is very appropriate to realize multicolor infrared photodetectors. This project is supported by the National Science Council under Contract No. NSC 91-2215-E-002-007.
